Abstract
Introduction

51
Demography can reveal unique aspects of the biology of the individuals within a 52 population [1] [2] [3] [4] [5] . An interest in the demography of wild populations has recently 53 been ignited [6] [7] [8] , driven by the question of whether wild animals show 54 senescence. Historically, senescence was presumed to be minimal in the wild, 55 swamped by extrinsic mortality (e.g. predation, disease, accidents, harsh 56 weather) such that very few individuals in the wild would live long enough to 57
show senescence 8, 9 . This hypothesis has now been falsified by studies in a 58 multitude of wild populations in which evidence has been found for both 59
reproductive and mortality senescence 8, 10, 11 . In many of these studies the 60 confounding effect of an unknown rate of dispersal with age is an important 61 limitation, with dispersal being mistaken for mortality. The number of studies of 62 age-specific survival remains, however, severely limited, especially compared to 63 the many on reproductive senescence. Studying both factors together can 64 provide a unique contribution to understanding the evolution of senescence in a 65 comparative context 7, 8 . Recent comparisons of mortality trajectories across 66 species have revealed a wide range of patterns, from negligible senescence to a 67 rapid acceleration in mortality with age, and this variation currently remains 68 largely unexplained 12 . 69
70
Variation in mortality trajectories among species can result from differences in 71 physiology and also from environmental effects and their interactions with 72 physiology 13 . The demography of death records reveals two main components: 73 the increasing risk of death with age -the ageing rate -and frailty, the 74 5 population to separate an effect of density on survival from an effect on density-99 dependent dispersal. 100 101 Here, we study the demography of an exceptionally well-monitored, closed 102 island population 24, 25 , and also of a captive population, of house sparrows 26 103 (Passer domesticus) to (i) compare mortality senescence in the wild and in 104 captivity. We also (ii) assess the effect of the environment on adult mortality and 105 juvenile recruitment in the wild, factors that we were able to separate reliably 106 due to the near-perfect resighting rate, comprehensive coverage of breeding 107 attempts on the island, and negligible rates of immigration and emigration 24, 27 . 108
109
Methods
110
Study populations 111
Monitoring of the house sparrows on Lundy Island (51. analyses 10, 28 . To estimate the population size and resighting probability in our 121 study population we used actual catches 25 , ad libitum sightings during the6 breeding season and winter, structured sightings from social parentage 123 assignment of broods using video recording 27 and genetic sightings (genetic 124 parentage assignment to offspring, except for the last year included, 2012, for 125 which pedigree information was not yet available at the time of analysis). We 126 assessed juvenile survival for all nestlings that received a metal British Trust for 127
Ornithology ring, which they were given at an age of ca 12 days to focus on post-128 fledging survival, and we disregarded earlier deaths in the nest. Lundy is a small 129 island (< 5.0 km long and 0.7 km wide) and is 19 km from the closest mainland 130 shoreline, which limits dispersal from and to the island to almost non-existent 24 . 131
The habitat on Lundy consists of a small village and farm surrounded mostly by 132 grassland and cliffs, but with a small wooded valley. The sparrows are almost 133 exclusively restricted to the village and the adjacent wooded valley; an excess of 134 nestboxes was available throughout the study area. Predators consisted of 135 occasional birds of prey that pass through during migration or, occasionally, 136 become resident on the island in winter (see below). 137
138
The captive population of sparrows was maintained at the Max Planck Institute 139 for Ornithology (Seewiesen, Germany) from 2005 (results include data on 140 mortality up to 2014). Individuals were originally captured from the wild in rural 141
Bavaria, Germany and subsequently maintained in aviaries. A proportion of the 142 offspring born in captivity were maintained in the population and inbreeding 143 was avoided as much as possible by transferring birds among aviaries. All birds 144
were individually ringed and mortality was monitored daily. The specific 145 husbandry of the birds and previous research has been described elsewhere 26, 29 . are unknown) in a mark-recapture framework. Mark-recapture models use the 154 missed observations of individuals known to be alive at the point of missed 155 observation (i.e. they are observed later) to estimate the probability that an 156 individual is sighted in the population. BaSTA combines such mark-recapture 157 probability modelling with fitting the mortality/survival trajectory. 158
159
We fitted Gompertz and Logistic models with a bathtub shape 30, 32 . Gompertz and 160
Logistic models differ, in that Logistic models allow the mortality rate to plateau 161 at advanced ages, whereas under the Gompertz law mortality rate continuously 162 accelerates exponentially with age 30, 32 . An increase in mortality rate with age is 163 evidence for senescence. A bathtub shape (declining Gompertz, see equation 1) 164 allowed early mortality, from the nestling state to adulthood, to be modelled. We 165 selected the best model based on the deviance information criterion (DIC, which 166 behaves similarly to AIC), and checked convergence by running each chain eight 167 times, with each individual chain run for 1,000,000 iterations, with a burnin of 168 2,000 and thinning interval of 2,000. Autocorrelations of the chain were below 169 0.045 for all parameters in all models run. We included sex as a categorical 170 covariate (allowing mortality parameters to vary between the sexes) in the8 models, because sex differences in longevity are prevalent across the animal 172 kingdom 33 . The inclusion of this covariate might therefore improve the fit of the 173
BaSTA model and thus the estimation of the re-sighting probability and 174 parametric survival models. The significance of the inclusion of sex as a covariate 175 was judged using the Kullback-Leibner divergence calibration 11, 30 , which ranges 176 from 0.5 to 1, with 0.5 indicating identical posterior distributions, and hence no 177 effect of the covariate. We included known birth years (i.e. observed as a chick), 178 where possible, for 2,297 of the 2,514 individuals included, for which we had there were at least two sightings of a species, divided by 48 (4 species times 12 233 months). This predator index therefore represents the relative proportion of a 234 census year for which the population was at risk of predation. These raptor 235 species commonly visit Lundy during migration, but in some years remain as 236 residents, and their presence was therefore chosen as a proxy of the predation 237 pressure acting on the population. All four species are known predators of house 238 sparrows. In the case of the kestrel, which is generally known to have a 239 preference for vole species, it is known that the species switches its diet towards 240 passerines almost exclusively when the availability of small mammalian prey is 241 
Statistical model 246
In order to separate the potentially shared covariance among the independent 247 variables tested against mortality in the population, and to also correct for 248 changes in age demography affecting adult mortality in a census year, linear 249 mixed effects binomial models were fitted in 'lme4' in R. Two models were fitted, 250 one for juvenile and another for adult mortality, that included a random 251 intercept term for census year of the study and fixed terms for the three 252 independent variables considered. For adult mortality, the effect of age on 253 mortality was fitted as a factor, given the non-linear nature of this relationship 254 The high re-sighting probability and the near absence of dispersal to and from 278 the island 24 allowed us to separate juvenile mortality from adult mortality. 279
Adults were assumed dead if not seen in the next year (ignoring the 4%, based 280 on the estimated re-sighting probability, that we are expected to miss in each13 census year) and thus recruited juveniles could be separated from adult survival. 282
Using this approach, we constructed a detailed picture of juvenile mortality and 283 adult mortality independently, across the years of our study. Year to year 284 variation in mortality (Figure 3 ) was high and statistically significant (logistic 285 regressions, juvenile: χ 2 (11)= 49, p < 0.0001, adult: χ 2 (11)= 105, p < 0.0001). Note 286 that some individual adults are used repeatedly in these analyses because they 287 were alive in multiple years, creating pseudoreplication; yet, given the relatively 288 short mean lifespan (Figure 1) , we expect these effects to be relatively minimal. 289
Juvenile and adult mortality covaried positively across years (rs = 0.70, p = 290 0.015), indicating that when adult mortality was high, this was also the case for 291 juveniles (Figure 3) . 292
293
To explore any environmental effects on mortality, we investigated the effects of 294 number of cold days per census year, population size, and predator index on 295 adult mortality and juvenile mortality (Figure 4) . Surprisingly, in cold years, 296 adult and juvenile mortality was lower (rs = -0.65, p = 0.02; rs = -0.52, p = 0.08, 297 respectively). Adult mortality and juvenile mortality were each positively related 298 to population size (adult + juveniles), but neither relationship reached 299 significance (adult: rs = 0.27, p = 0.39; juvenile: rs = 0.41, p = 0.19). Predator 300 index predicted juvenile (rs = 0.61, p = 0.03) and adult mortality (rs = 0.59, p = 301 0.04). In the binomial mixed effect models used to pull apart the independent 302 effects of these three independent variables, predator presence exhibited the 303 strongest effects, with only this variable reaching significance and then only in 304 adults (Table 3) . This is probably due to the covariance between predator 305 presence and cold weather (rs = -0.38, p = 0.23), because separately each of thesejuvenile and adult mortality (Table 3) . 308
309
Discussion
310
Actuarial senescence 311
We detect relatively small but significant mortality senescence ('actuarial 312 senescence') in wild house sparrows (Figure 1 ). There was a ~1.6-fold increase 313 in mortality from its trough at age ~2 to age ~6; in comparison, there is a ~3-314
fold increase in mortality rates in a US human population from the age of 60 to 315 100 years and a ~2.7-fold increase in mortality rate in male mice from the age of 316 1.4 to 2.9 years 36 . This level of actuarial senescence in the sparrow population is 317 detected despite strong environmental effects on adult and juvenile mortality. 318 This is relevant to the evolution of senescence, given that the strength (and 319 sometimes direction) of selection on life history is changed by the level of 320 stochastic (environmental) noise 37,38 . Extrinsic mortality shapes optimal 321 investment in the soma over reproduction (current versus future reproduction 322 trade-off) 39 and, accordingly, different levels of extrinsic mortality on the 323 population level lead to different levels of senescence-related mortality 14 . When 324 this selective pressure -extrinsic mortality -is more variable, selection on 325 intrinsic, senescence-related, mortality is weaker and hence a larger standing 326 variation in intrinsic mortality is expected 40 . Moreover, different levels of 327 stochasticity can also lead to the evolution of differential bet-hedging 328 strategies 41 . 329 have not considered environmental stochasticity. Different levels of 331 environmental stochasticity might also explain differences between species in 332 the demography of fertility and mortality 12, 43 . Understanding the effects of 333 environmental variation in extrinsic mortality on intrinsic mortality and/or their 334 interactions will be a next step in understanding the evolution of senescence in 335 the wild. In addition, such considerations might explain why the rates of 336 reproductive senescence and mortality senescence do not always match 7,14,44,45 , 337 perhaps because the selective pressures maintaining them are differentially 338 susceptible to environmental effects. Effects of the developmental environment 339 on reproductive, but not survival senescence 13 is perhaps an illustration of such 340 differential environmental effects on life-history traits. 341
342
Environmental effects on the demography of mortality 343
House sparrows in captivity and in the wild show a highly similar rate of ageing 344 but differential frailty, consistent with similar comparisons in mammals, namely 345 baboons 18 and humans 20 . This suggests that the ageing rate is a specific property 346 of a species, insensitive to environmental effects. An invariable within-species 347 rate of ageing is fundamental to the compensation law of mortality and the 348 mortality deceleration that follows from the reliability theory of ageing 16, 46, 47 . 349
Although comparative evidence from birds (this study) and mammals 18, 20 , 350 including the mortality deceleration observed in this study and others 4 and ageing rate independently, will be crucial steps towards understanding the 363 evolution of mortality trajectories and senescence. 364 365
Juvenile and adult mortality 366
The high recapture probability we estimated from the BaSTA models allowed for 367 the separation of juvenile and adult mortality, which in many other study 368 systems is not possible. Juvenile and adult mortality were also found to be 369 sensitive to environmental effects, and covaried positively, suggesting that 370 juveniles and adults died of similar environmental causes. The analysis also 371 suggests that any density dependent effect is relatively limited, given that adult 372 survival does not impinge on juvenile mortality. Therefore, food availability and 373 aggression, resulting from competition for food or mating territories, are 374 unlikely to limit the population size. 375 376 Indeed, population size in a census year did not impinge strongly on either 377 juvenile or adult mortality (Table 3, Figure 4 ). Of the other two environmental 378 variables, predator presence was most predictive of mortality, especially in 379 adults. When considered separately, cold weather was associated with improved 380 survival of juveniles and adults. Irrespective of whether this is indirect via 381 predation pressure, it goes against the usual expectation of harsher winters, 382 although still relatively mild on Lundy, causing more mortality. Without being 383 able to attribute causes of death to starvation, disease or directly to predation, 384 we can only speculate on the roles of physiology and/or ecology in the 385 relationship between mortality and ambient temperature. 386
387
Intensive monitoring, as in the Lundy house sparrow population, achieving near 388 perfect re-sighting rates, is key when inferring biology from the demography of 389 mortality, which is crucial in explaining the evolution 12 and biology 3,55,56 of 390 ageing. The confounding factors of dispersal and unmarked individuals that are 391 typical of most study populations would bias such estimates, and can lead to 392 potentially false conclusions about differences in demography between species 393 when the degree of these biases differs across study populations and species 12 . 394
Understanding the physiology and evolution of relatively invariable species-395 specific ageing rates in the face of strong environmental effects, as we show here 396 for a bird in addition to existing evidence from mammals, is pivotal to 397 understanding natural selection on senescence and its physiology. 
